T he volume, variety, and velocity of medical imaging data are exploding, making it impractical for clinicians to properly utilize such available information resources in an efficient fashion. At the same time, the interpretation of such a large amount of medical imaging data by humans is significantly error prone, reducing the possibility of extracting informative data. The ability to process such large amounts of data promises to decipher encrypted information within medical images, develop predictive and prognosis models to design personalized diagnosis, allow comprehensive study of tumor phenotype, and allow the assessment of tissue heterogeneity for diagnosis of different types of cancers.
Recently, there has been a great surge of interest in radiomics [1] , which refers to the process of extracting and analyzing several semiquantitative and quantitative features from medical images, with the ultimate goal of obtaining predictive or prognostic models. Radiomic features can be extracted from different imaging modalities, including magnetic resonance imaging, positron emission tomography, and computed tomography (CT)-which is the most commonly used modality for lung cancer radiomics due to its imaging sensitivity, high resolution, and isotropic acquisition in locating lung lesions.
The 2018 Video and Image Processing (VIP) Cup is a student competition sponsored by the IEEE Signal Processing Society (SPS). Each participating team is required to be composed of 1) one faculty member (the supervisor), 2) at most, one graduate student (the mentor), and 3) at least three, but no more than ten, undergraduate students. Participation in the VIP Cup is open to all teams from around the world that satisfy the aforementioned eligibility criteria. The top three finalist teams were selected to present and compete at the final stage of the competition, which was held at the 2018 IEEE International Conference on Image Processing (ICIP) in Athens, Greece, on 7 October 2018; see "Winners of the 2018 VIP Cup" for details. In the remainder of this article, we will share an overview of the 2018 VIP Cup experience, including competition setup, technical approaches, statistics, and competition experience from the point of view of the organizers and members of the finalist teams.
The 2018 VIP Cup challenge
A radiomic workflow [1] typically consists of four main processing tasks: 1) image acquisition, 2) image segmentation, 3) feature extraction and qualification, and 4) statistical analysis and model construction. Segmentation is considered a critical step among processing tasks within the radiomic pipeline, and it was the focus of the 2018 VIP Cup competition. More specifically, the main task of the 2018 VIP Cup was "Segmentation of Tumor Region in Lung CT Images." Segmentation (i.e., assigning a class label to each pixel) and localization (i.e., providing the tumor bounding box) are critical steps within the radiomic workflow, as radiomic features are extracted from the segmented sections. Although manual delineation of the gross tumor is the conventional (standard) clinical approach, it is timeconsuming and extremely sensitive to interobserver variability. Development of accurate and robust automatic segmentation methods, to minimize manual error and increase consistency of delineating regions, was of paramount importance and the focus of the competition.
Competition data set
The 2018 VIP Cup data set consisted of images from nonsmall cell lung cancer (NSCLC) subjects provided by Dr. Andre Dekker and Dr. Leonard Wee from the Maastricht Radiation Oncology (MAAS-TRO) Clinic. The introduced data set was an updated and modified version of the NSCLC-Radiomics data set [2] , [3] , available at the Cancer Imaging Archive [4] . In particular, the new data set consisted of improved and extended annotations and also contained missing annotations for the 108 subjects in the original release, which were used for evaluation purposes as the unseen data set.
The initial training data released on 26 May 2018 consisted of pretreatment CT scans from the NSCLC-Radiomics data set [2] , [3] divided into two categories: 1) 100 subjects with all slices, including nontumor ones, and 2) a selected set of 60 subjects with tumor-only slices. Each data set contained manual delineations of the gross tumor volume provided by a radiologist. Figure 1 illustrates an example of CT images of lung cancer patients with tumor contours. The final data sets that were provided for training, validation, and test purposes were from the newly introduced data, briefly outlined here. ■ Training data set: The 260 subjects for training purposes. The labels (RTStruct files) for these patients were provided. ■ Validation data set: The 40 subjects for validation purposes. The labels (RTStruct files) for these patients 
Submission guidelines
For the final competition stage, each participating team was required to submit a competition package consisting of four main items, as specified in Figure 2 and briefly outlined here: (5)] over the validation data set (i.e., the 40 subjects for which the labels (RTStruct files) were provided). The CSV file included in the submission package was prepared based on the following specifications: 1) the CSV file needed to contain the results for all 40 subjects based on the three identified criteria, and 2) for each subject, the CSV file needed to report the average value of each of the criteria for all of the patients' slices. ■ Segmentation files: This item provided the segmentation results for the test data set [i.e., the 40 subjects for which the labels (RTStruct files) Figure 1 . An example of CT images of lung cancer patients and CT images with tumor contours created from the competition's data set using 3DSlicer software. • Technical approach: Team Spectrum ( Figure S2 ) devel oped a framework that is based on the recurrent 3DDenseUNet, i.e., a new fusion of convolutional and recurrent neural networks. The developed approach is to train the network using image volumes with tumor only slices. A datadriven adaptive weighting method is also used to differentiate between tumorous and non tumorous image slices, which shows more promise than crude intensity thresholding. In other words, adap tive thresholding is used to generate binary images, and then morphological dilation is applied in postpro cessing to overcome the random missing pixel and to enlarge the boundary. 
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Evaluation schemes
The segmented contours computed by the participating teams were compared against the manual contours for all validation and test images based on the following three evaluation criteria.
Dice coefficient
The dice coefficient is a measure of relative overlap (1 represents perfect agreement and 0 represents no overlap), computed as
where + denotes the intersection operator, and X and Y are the ground truth and test regions, respectively. Dice coefficient D h has a restricted range of [0, 1]. The following two conventions are recommended for computation of the dice coefficient: 1) for true-negative (i.e., there is no tumor and the processing algorithm correctly detected the absence of the tumor), the dice coefficient would be 1; and 2) for false-positive (i.e., there is no tumor but the processing algorithm mistakenly segmented the tumor), the dice coefficient would be 0.
Mean-surface distance
The directed average Hausdorff measure is the average distance of a point in X to its closest point in :
The (undirected) average Hausdorff measure is the average of the two directed average Hausdorff measures given by : , , , .
Hausdorff distance (95% Hausdorff distance)
The directed percent Hausdorff measure for a percentile r is the rth percentile distance over all distances from points in X to their closest points in , Y e.g., the directed 95% Hausdorff distance is the point in X whose distance to its closest point in Y is greater or equal to exactly 95% of the other points in .
X In mathematical terms, denoting the rth percentile as , Kr Kr, this is given by
The (undirected) percent Hausdorff measure is defined again with the mean:
The 2018 VIP Cup statistics
The 2018 VIP Cup started with a global engagement of more than 600 users from 42 countries ( Figure 3 ) to access competition data from all around the world (Figure 4 Figure 2 . Different items to be included in the final submission package.
The 2018 ViP Cup started with a global engagement of more than 600 users from 42 countries to access competition data from all around the world. required components, were evaluated to select the three finalist teams.
Final stage of the competition
The 2018 VIP Cup organizers evaluated the submissions and announced the three finalist teams on 10 September 2018: Markovian, NTU-MiRA, and Spectrum. Evaluation was based on the results computed via the aforementioned criteria [(1)- (5)] over the validation and test data sets. Finalist teams were invited to the final competition stage at ICIP 2018, which was held on 7 October 2018. Prior to the final competition and as the final challenge, the organizers provided a list identifying the tumorcontaining slices in the test data for the three finalists to apply their algorithms and provide the binary files for the tumor-only slices. The results were used as part of the ranking procedure of the top three teams.
During the final competition on 7 October, the finalist teams presented their work. Each team had 15 min for its presentation and 5 min for questions and answers. After the team presentations, the jury had an internal discussion to finalize the ranking. The jury included Dr. Farnoosh Naderkhani, Parnian 
Highlights of technical approaches
All teams were composed of mainly undergraduate students supervised by a In particular, Team Markovian developed a pipeline involving a binary classifier front end that detects the tumorous slices, as the first step. The identified slices containing the tumor are then passed to a segmentation model based on a two-dimensional, fully convolutional neural network, using dilat ed convolutions instead of pooling, to generate segmentation masks for the tumor. Finally, the predicted masks are passed through a postprocessing block, which cleans them up through morphological operations. The average dice coefficient of 0.627 over the validation data set is reported. The average dice coefficient of 0.594 over the test set is computed. Team Spectrum's implemented framework is based on the recurrent 3D-DenseUNet and a novel fusion of convolutional and recurrent neural networks that are introduced and incorporated for performing the competition tasks.
The developed approach is to train the network using image volumes with tumor-only slices of size (256 × 256 × 8 pixels). A data-driven adaptive weighting method is then used to differentiate between tumorous and nontumorous image slices, which shows more promise than crude intensity thresholding. In other words, adaptive thresholding is used to generate binary images, and then morphological dilation is applied as postprocessing to overcome the random missing pixel and to enlarge the boundary.
The average dice coefficient of 0.74 over the validation data set is reported. T he average d ice co ef f icient of 0.521 over the test set is computed. Team NTU-MiRA developed an end-to-end trainable network that performs lung cancer tumor segmentation in a supervised fashion. Inspired by the dense up-sampling layer proposed in [11] , the dense down-sampling convolutional layer is incorporated to reduce the computational burden. Dense lateral connections are introduced into the proposed model, which facilitates the network training and results in faster convergence. Finally, to handle the imbalance distribution between the foreground and background region, the dice-loss function and the focal loss are used for optimization.
Organizers' opinions
It was a demanding but intriguing journey to organize the 2018 VIP Cup. It was during the 2018 IEEE International Conference on Acoustics, Speech, and Signal Processing, held 15-20 April 2018, that we had to coordinate this year's VIP Cup and, given the limited time we had, the early stage was very challenging. Specifically, the initial issue was to find unseen data for test purposes due to the common difficulties found in acquiring and distributing labeled medical images. During the course of the competition, and especially during the initial phase, organizing members had weekly conference calls to address the aforementioned issue and discuss different aspects of the competition. It was also very inspiring to meet the finalists during ICIP 2018. Moreover, we were greatly impressed and encouraged during the course of the competition and, at the final stage, by the high technical level of implemented processing solutions developed, and even proposed, by the competitors and extensive dedication of the participating teams.
Participants' opinions
Throughout the 2018 VIP Cup competition, there was a great deal of interaction, not only through questions for the instructors posted to Piazza but also among the students who often engaged in discussion over the provided responses. We, as organizers, were both encouraged and delighted to observe such a collaborative spirit among the participating students. Next, we will provide an overview of some feedback and perspectives received from the winning teams.
Team Markovian
■ "Thanks to the IEEE SPS for organizing this wonderful competition regularly for the undergraduate students. We are learning a lot from these events."
-Dr. Mohammad Ariful Haque, supervisor ■ "It was an amazing opportunity to participate in the IEEE VIP Cup for the second time; the first time was in 2017, where our team made it to second runner-up. We learned from our previous experience and with the guidance of our supervisor, Dr. Mohammad Ariful Haque, we were able to capture the champion title this time. Knowing that the task at hand had real-world applications and could potentially help people around the world was a great motivating factor for me. ■ "What I learned from this year's IEEE VIP Cup is that, eventually, it comes down to the robustness of the whole pipeline. We were provided separate training, validation, and test data in the competition. We trained our model with the training data only. But while selecting a threshold for the output pro babilities of the model, we used the validation data to choose the best threshold. This somehow overfit our results, to some degree, on the validation data, and we couldn't attain our expected dice scores in the test data. This was a great experience for me. I would like to thank the organizers for this thrilling problem and exceptional data set."
-Abdul Muntakim Rafi, undergraduate ■ "It was an awesome experience. I am glad that parts of my work have been presented before the world through this competition. This challenging competition has helped me to develop a research-oriented mindset under our respected supervisor, Prof. Kamrul Hasan Sir. Also, the 
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